Abstract: Displacement of pre-adsorbed macromolecules by the same polymer, polybutadiene, of the same or of different molecular weight was studied in solution and in the bulk. The effect of polymer concentration on pre-adsorption and displacement processes was determined. Displacement was investigated by gel permeation chromatography and by determination of the amount of bound polymer before and after displacement. A conformational factor was established as a major driving force -besides molecular weight -in the displacement process. Polymer chains adsorbed in flat conformation had the highest adsorption stability and could not be displaced by any other molecular weight of the same polymer.
Introduction
Adsorption of polymer on solid particles has generally been accepted as an irreversible process because no detectable desorption was observed upon extensive dilution and extraction with a good solvent of the polymer. It was also established as early as 1936 [1] that the molecular weight distribution in the adsorbed layer is shifted to a higher molecular weight than that in the solution [2] [3] [4] [5] [6] . Such shifting process continues as long as there are larger molecules in the solution than on the surface. Thus, whereas at the first glance it appears impossible to desorb macromolecules by dilution -the so-called 'irreversible' adsorption -they turned out to be actually, at least, exchangeable or displaceable by other molecules of the same species but of another molecular weight -a 'reversible' adsorption.
Displacement of adsorbed polymer chains from a solid surface was elegantly illustrated by Cohen Stuart with experiments carried out in solution using an increasing amount of certain chemical compounds called 'displacers' having different affinity towards the surface until complete desorption of the pre-adsorbed polymer was observed [7] . Other authors demonstrated the possible exchange of adsorbed chains by other polymers different in nature. In this case, too, affinity to the surface leads to preferential adsorption of the polymer with the highest segmental adsorption energy [8] [9] .
However, most interests were focused to investigate the self-exchange of polymers differing in length only [10] [11] [12] [13] [14] [15] [16] [17] [18] . In this case, due to the high adsorption energy per molecule, simultaneous desorption of all adsorbed units of the chain is quite doubtful, segment-to-segment exchange is more likely to occur. Since adsorbed and desorbed segments are chemically similar, affinities are identical and adsorption energy remains constant. The driving force for exchange between chemically identical polymers from dilute solution was attributed to the small increase in translational entropy in solution when short adsorbed chains are replaced by longer ones [10] . Most of the attention was given to the kinetics of establishment of the adsorption equilibrium and to the molecular weight (MW) effect and much less to the influence of concentration of the polymer solution (of both primary adsorbed and secondary displacer macromolecules) on the displacement process [17] [18] [19] [20] . Nevertheless, findings were clear enough to establish that MW is not the only driving force behind polymer self-displacement from a solid surface; polymer concentration plays also a key role in the displacement process. Low MWs may even displace higher ones under some experimental concentration conditions [18] .
Parts 1 [21] and 2 [22] of this series of papers reported experimental data on the synthesis of monodisperse polybutadienes with MW in the 3 000 to 120 000 range, and their 'irreversible' adsorption from dilute to semi-dilute solution [21] and from the bulk [22] on a carbon black surface. Since all used samples were fairly monodisperse (polydispersity index PI < 1.2) small shifts of the molecular weight distribution upon adsorption were detected, but the differences in MW of the used specimens were much larger than such shifts, therefore, the adsorption-fractionation process was neglected. Experiments were performed under excess polymer condition, i.e., free polymer chains having the original MW distribution remained available in the surrounding medium after adsorption equilibrium was reached. It was highlighted that the pertinent variable affecting the amount of adsorbed polymer (bound polymer, BP, polymer/solid, w/w) is the polymer/solvent ratio (concentration c) in the solution process and the polymer/filler ratio (τ) in the bulk process. Two major findings in both processes are worth mentioning: -A networking transition that separates dispersion from coherent three dimensional network formation was clearly identified. It most likely results from an entanglement process of adsorbed chains and not from the linkage of two particles by a single chain. Such transition turned out to be driven by a percolation process since it occurs at a constant polymer/filler ratio (τ = τ*) in solution, while it appears to be driven in the bulk by a geometrical factor and occurs at τ* such that MW 1/2 /τ* = constant.
-A conformational transition was also identified. It occurs at a critical concentration, c t , dependent on MW as c t ~ MW -4/7 in the 'adsorption from solution' process and at constant critical molecular weight, MW* ≈ 23 000, in the 'adsorption from the bulk' process. Such transition separates the regime where macromolecules adopt a flat conformation (BP is independent of MW) from the coil-like conformation (BP depends on MW); it separates dilute from semi-dilute concentration in the solution process and low from high MW in the bulk process. c t can be determined experimentally as the concentration at which BP starts to increase and to be MW dependent, c' t in Fig. 1 , or by extrapolation of the asymptotic lines of the two adsorption domains, c t in Fig. 1 . Both definitions follow the same mathematical expression as a function of MW.
In the present paper we investigate the displacement of primary adsorbed monodisperse polybutadiene on carbon black at equilibrium and after extraction by a good solvent of the polymer (the loosely adsorbed polymer fraction is not considered) by a secondary monodisperse polymer displacer. Under the light of previous work [21] [22] we focus our attention on both structural 'networking' and a conformational effect on the polymer exchange process. Yet, since the networking mechanism seems to occur mainly through entanglements and not by multiple adsorption of a chain on two adjacent particles, networking has no incidence on the BP value and, in this case, its effect on the displacement process can be neglected.
Thus, we actually assume at this point that two driving forces may affect the displacement process. These are MW and molecular conformation. In addition, two variables can be used to control the polymer conformation of both the secondary displacer and the primary displaced macromolecules; these are MW and polymer concentration. Therefore, displacement of an already pre-adsorbed chain in its flat or coil conformation may be approached either by flat-chain adsorption conditions (dilute polymer solution and/or short chain) or by coil-chain adsorption conditions (semi-dilute solution and/or long chain). Thus, four displacements may be considered as shown in Tab. 1. 
Experimental part

Synthesis
The synthesis of a series of polybutadienes differing in molecular weight (M n in the 2800 to 109 700 range), but highly monodisperse (PI = 1.1) and exhibiting identical microstructure (1,2-PB content equal to about 80%, a result confirmed by the fact that all samples exhibit the same glass transition temperature of about -27°C) was presented in previous papers [21] [22] 
Compounding
In order to realize the displacement of an already adsorbed polymer on carbon black, compounding was made in two steps: the first one will be referred to as the preadsorption step, in which adsorption in solution was performed as in Part 1 of this series [21] and adsorption in the bulk like in Part 2 [22] . Except otherwise mentioned in the text, all samples obtained from either processes are extracted until constant weight and dried before further treatment. The second step will be referred to as the displacement step: samples obtained in the first step are dispersed in the new displacer medium (polymer solution or bulk polymer for solution or bulk processes, respectively), new blends are allowed to reach their equilibrium in their respective media and, then, are extracted with a good solvent as in refs. [21, 22] . Supernatant solutions were used to follow the MW distribution by gel permeation chromatography (GPC), and the solid remaining fractions were dried and then used to determine the amount of bound polymer (BP) by microgravimetry. In view of the fact that the solution process allows blending in a much larger polymer/filler range, much more experiments were performed in solution than in the bulk. All blends were made at a constant dispersion concentration of 2.32 g/l of carbon black.
Gel permeation chromatography
GPC was used to analyze solutions after adsorption and centrifugation. A suitable amount of supernatant solution (depending on the solution concentration) was dried and then 50 mg of the dried polymer was solved in 5 ml of tetrahydrofuran (THF). Water Associates Model GPC-2690 set with 3 columns (Styragel HR4, HR1 and HR0.5) was used at 35°C, THF being used as a solvent at a flow rate of 1 ml/min. The injection volume of the solution was 2 ml. Refractometer (410 Waters) and UV detectors (996 Waters) were used.
Results and discussion
Fig . 2 shows GPC chromatograms of three polymer solutions at the same concentration, 11 g/l, used in one set of experiment: (a) the secondary displacer polymer solution (a high molecular weight polymer, PB99, centred at 17.3 min elution time) before the second-time adsorption process; (b) the same solution after equilibrium displacement is reached; we notice in addition to the PB99 peak (shifted to 17.5 min) a new peak centred at 18.7 min elution time, which is associated with the displaced primary low molecular weight pre-adsorbed polymer, PB23, as referenced by its chromatogram (c) centred at 18.9 min elution time. The presence of a new low molecular weight peak in the chromatogram of the high molecular weight displacer solution is a clear indication that displacement has occurred. This result confirms unequivocally the above-mentioned first driving force in the displacement process, i.e., pre-adsorbed low molecular weight polymers are extensively displaced by larger macromolecules. The shifts of the chromatograms after secondary adsorption to higher elution time of the primary polymer and to lower elution time of the secondary polymer suggest that some adsorption-MW-fractionations occur: remaining PB99 in solution after adsorption has a lower MW (at 17.5 min) than fresh PB99 (at 17.3 min), and displaced PB23 has a higher MW (at 18.7 min) than fresh PB23 (at 18.9 min). These shifts are certainly due to the fact that used polymers are not literally monodisperse. The total amounts of adsorbed polymer (BP total ) and each of its components (BP 2a and BP 2b ) after completion of the second adsorption are calculated as in ref. [18] by
where BP 1a is the amount of adsorption for component 'a' after the first adsorption, S the total surface area of adsorbent employed, C b and C f the concentrations in mixture before and after the second adsorption and α and β correspond to the areas of normalized chromatograms for components 'a' and 'b' after the second adsorption.
The second driving force in the displacement process is supposed to be detected as a conformational effect. As demonstrated in ref. [21] the conformational transition occurs at a constant critical molecular weight, MW* ≈ 23 000, when adsorption is performed in the bulk, and at a critical concentration, c t , which depends on MW, c t = a·MW -4/7 , in the adsorption from solution. Fig. 3 shows experimental results of BP when adsorption is performed in solution, as well as the theoretical dependence of c t on MW. At concentrations above the curve, a macromolecule would be adsorbed as a coil and below the curve it approaches the surface in a flat conformation.
The aim of this paper is to study the effect of polymer conformation, flat or coil, on the displacement process under both solution and bulk adsorption conditions. We tested first the case in which a pre-polymer of moderate MW (PB3, PB10, PB23 and PB38) is pre-adsorbed from a low concentration polymer solution, 0.12 g/l. The amount of adsorbed polymer is generally constant (BP ≈ 0.018 g/g) independently of the MW. Adsorptions are assumed to occur under a rather flat conformation; the displacer, a high MW polymer (PB99), is used at the same dilute concentration (c = 0.12 < c' t = 1.2 << c t = 7.2 g/l) for all pre-adsorbed polymers. Fig. 4 shows, as an example, the chromatogram of the PB99 polymer solution before displacement and the supernatant solution after the displacement procedure, i.e., an extended contact (several weeks) with the PB3 pre-adsorbed polymer. All other preadsorbed polymers (PB10, PB23 and PB38) show similar chromatograms irrespective of their MW. As evidenced in Fig. 4 there is no effect of such prolonged contact on the chromatogram. Therefore, no displacement whatsoever was detected under these conditions. This clearly shows that forces associated with the molecular weight differences are not strong enough to drive any pre-adsorbed macromolecule out of the solid surface as long as such molecule is pre-adsorbed under flat conformation conditions. The only way to achieve displacement of molecules adsorbed under such conditions is to use a chemically different displacer with a stronger affinity toward the surface; this aspect is not considered in the present paper. It is worth noting that micro-gravimetric measurement does not point to any change of the total amount of adsorbed polymer; BP remains constant at about 0.018 g/g. One aspect of this work is our attempt to displace the same pre-adsorbed polymers in a flat conformation and of different MW as in section 1 but in highly concentrated solutions. In such a manner, the difference in MW can be omitted and the only considered parameter is conformational one. Fig. 5 shows the amount of adsorbed polymer, BP, as a function of MW. It is obvious that high concentration of a polymer does not displace an identical polymer of the same MW pre-adsorbed in flat con-formation (results of BP after extensive contact with a highly concentrated solution is identical to the original pre-adsorbed amount within experimental errors, far below the amount of BP obtained directly by adsorption from high concentration solutions on a fresh surface).
Another aspect of this same approach consists in the use of the same pre-adsorbed samples as before (PB3, PB10, PB23 and PB38) in dilute solution and flat conformation along with a high MW polymer (PB99) as a displacer used in semi-dilute solution (c = 11 > c t = 7.2 >> c' t = 1.2 g/l). In such a set of experimental conditions both MW and conformational factors are involved. Yet again, displacement was not detected, neither by GPC nor by micro-gravimetric measurements (results not shown, very similar to those of Fig. 4 ).
These results prove that displacement cannot actually be achieved as long as the pre-adsorbed polymer is in a flat conformation. Neither MW nor polymer concentration are able to displace molecules that are pre-adsorbed in a flat conformation. The most thoroughly described displacement systems in the literature belong to the category of molecules adsorbed under coil adsorption conditions, displaced by other molecules under the same adsorption conditions. Fig. 2 shows, as an example, a typical case of such displacement process, PB23 as pre-adsorbed polymer and PB99 as a displacer both at 11 g/l concentration. Fig. 6 provides another piece of information, a histogram of BP for PB23 pre-adsorbed from 11 g/l solution as displaced by PB99 11 g/l solution, at zero, 1 h 20 min and one week of contact time. The displacement process does not evolve beyond one week of contact (tested up to 4 weeks). At the beginning of the displacement process, after 1 h 20 min, a noticeable decrease of BP is observed in detriment of the short pre-adsorbed chains without but slight gain in the adsorption of the longer displacer molecules; such first stage decrease was systematically observed by other authors [12, 14, 15, 17, 18] . At equilibrium, after one week of reaction, the total amount of adsorbed polymer overcomes the starting BP value. Most of it is composed quantitatively of PB99. It is interesting to notice that at this point an appreciable amount of PB23 remains as well un-desorbed despite an excess of long chains available in the surrounding environment. Although a minority as far as the weight fraction is concerned, the short chain fraction still represents roughly some 50% of the number of the adsorbed molecules.
It is worth mentioning that the final amount of PB99 at equilibrium in this case, 0.023 g/g, does not exceed some 50% of what would have been adsorbed if the displacement had been made at the same concentration but directly on a fresh (instead of a pre-adsorbed) surface, 0.04 g/g. This result draws attention to the complexity of the adsorption process and the effect of adsorption history on the adsorption process.
As expected, shorter molecules (PB3 and PB10) pre-adsorbed at the same (11 g/l) or higher (23 g/l) concentration show the same ability to be partially displaced by PB99 or higher (PB110) molecular weights as in Fig. 6 . For pre-adsorbed MW higher than PB23 (PB38 or higher MW), the detection of displacement by GPC becomes more problematic since displaced and displacer peaks turn into one large peak. The last treated case was investigated by testing the displacement of pre-adsorbed molecules in coil conformation by other molecules from dilute solution, i.e., supposed to adsorb in flat conformation. Fig. 7 shows the adsorption isotherm of pre-adsorbed polymers in semi-dilute concentration conditions. The adsorption values are relatively high reflecting coil-conformations. It is worth noting here that these values were obtained after extensive extractions by pure solvent as mentioned in the Exptl. part. Still, when these same specimens were placed in an extended contact with their dilute polymer solutions, displacement occurred in a very imposing way; BP decreased after displacement to reach virtually an adsorption value identical to the adsorption obtained directly from dilute solution, which is shown in Fig. 7 as a reference. Thus displacement of macromolecules adsorbed in coil conformation is systematically obtained by extensive contact with their dilute solutions.
The literally straight opposition of results between Figs. 5 and 7 attests how important is the conformational factor of both pre-adsorbed and displacer molecules on the displacement process. None of the 'flat' pre-adsorbed macromolecules was displaced by its concentrated polymer solutions, Fig. 5 ; all 'coil' pre-adsorbed macromolecules were displaced by their dilute solutions, Fig. 7 . The magnitude of this conformational factor in the displacement process is even more striking when the displacement of PB99 or PB110 by a lower molecular weight (PB3, PB10, PB23, PB38) is investigated. In fact, when high MW polymers were pre-adsorbed on carbon black at semi-dilute solution conditions (21 g/l) all low MW displacer solutions at dilute concentration conditions (0.12 g/l) were able to displace the pre-adsorbed polymer as evidenced by GPC results. Fig. 8 presents as an example the chromatogram of the displacer, PB 10, before displacement takes place along with that of the supernatant solution after 80 min of contact of the same solution with PB99 pre-adsorbed on carbon black. We observe the emergence, in addition to the PB10 peak, of a new weak peak at 17.2 min elution time corresponding to the displaced PB99. The weak intensity of the displaced polymer is due to its high dilution in the displacer solution.
However such displacement is by no means total. Fig. 9 shows the percentage of displaced PB110 and PB99 pre-adsorbed from 21 g/l solutions by displacers in dilute solutions, 0.12 g/l, of different molecular weights. We observe that the fraction of displaced polymer does not exceed the 10 -30% range. The exact MW dependency is not really clear. Nevertheless, an appreciable amount of long chain molecules are displaced, even though an important fraction remains adsorbed. In the present case the displacement process is under the action of two opposing forces. The displacement-favourable driving force is the polymer conformation (since a flat conformation displaces a coil one) but this force acts against the MW factor, which penalizes such displacement of high MW by low ones (since high MW displaces a low one). Displacement tendencies are much stronger when the only acting factor is the one favourable to displacement, MW, as in Fig. 6 .
The special case of adsorption in dry conditions
Investigating polymer displacement in the bulk (dry state) is much more tricky than in solution for several reasons:
-The scale of polymer/filler ratio, τ, at which such study can be made, is very narrow (limited by the maximum amount of solid that can be introduced in the matrix) as compared to what can be done in solution.
-One should use a huge amount (on the lab scale) of the primary mixture in order to keep an appreciable amount of solid detectable at the end of the experiment.
-It was found in ref. [22] in the case of high MW and low τ ratio that the measured amount of BP contains a fraction of surface-unlinked but still unextractable polymer. Fig. 10 shows results of the displacement of pre-adsorbed polymers of different molecular weights, from 3000 to 23 000, by higher MW polymer PB110. For practical reasons, in order to recover the highest portion of the solid in the mixture the primary adsorption is made at low τ = 2 and the secondary adsorption at a higher ratio τ = 9. We may notice first in Fig. 10 that all molecular weights of pre-adsorbed polymers used here give BP values well above the 'mono-layer' observed in solution, which corresponds to the BP = 0.018 g/g mentioned above (section 1). In addition, since an increase of BP after contact with high MW polymer is observed, it is clear that displacement occurs, even though the MWs of pre-adsorbed polymers are less then MW* ≈ 23 000 at which BP starts to increase with increasing MW (see ref. [22] ), which is supposed to indicate that pre-adsorbed chains are rather in a flat conformation. In reality, actual results are to be considered as a case of 'coil' pre-adsorbed molecules displaced by semi-dilute polymer solution and thus can be compared to those obtained in solution in section 3. In fact, Fig. 10 shows three outcomes similar to Fig. 6: -displacement is partial; a fraction of the pre-adsorbed polymer remains linked to the solid surface;
-an increase of the total amount of BP, although much higher in this case of bulk adsorption than in the case of solution adsorption; -the total amount of adsorption remains well (≈50%) below what it would be if the displacer had been used as a primary polymer on fresh surface.
Such qualitative similarity suggests that the same basic law governs displacement in both solvent and dry cases. There is still an important difference related to the polymer concentration at which adsorption occurs, which is reflected by the difference in their BP levels.
Conclusion
The displacement of narrow molecular weight polybutadiene was studied in solution after extraction of pre-adsorbed polymers on carbon black. High molecular weight polymer's ability to displace low molecular weight pre-adsorbed chains is reaffirmed for the cases where a pre-adsorbed polymer adopts a coil-like conformation. In addition, a new driving force for the displacement of adsorbed polymer is established. In fact, polymer conformation of both pre-adsorbed and displacer polymers turned out to be a decisive factor in the displacement process. Macromolecules adsorbed in a flat conformation cannot be displaced by any macromolecule whatever its molecular weight or possible conformation. Whereas coil-like pre-adsorbed macromolecules can be displaced by any lower or higher molecular weight displacer as long as the conformation of such displacer is flat, i.e., adsorbed from dilute polymer solution. Such a finding suggests that the surface contact density, per unit of chain length, of a given macromolecule is more decisive for adsorption stability than the total number of contacts per macromolecule. In the dry state, the conformational factor is mostly irrelevant since all molecular weights, even those below MW*, adopt more or less a coil-like conformation. Therefore, in such conformation, the molecular weight factor is the only one that governs displacement in a way essentially similar to that of solvent adsorption.
